Natural gas is playing a more and more important role in emission reduction, and it is regarded as inevitable choice for the future energy consumption. In this study, a mathematical model was developed to identify an optimal solution for natural gas distribution in China. In line with previous research studies, the economic cost is the most important criterion that was considered. Additionally, the external cost of emissions was included as a second criterion. In order to satisfy the energy conservation and emission reduction target, the paper contributes with an optimization approach of the provincial distribution of natural gas with the aim to minimize the comprehensive costs. The problem was solved using Lingo software. An important contribution of the paper is that external costs was considered in the optimization of natural gas distribution from a provincial level perspective.
Introduction
The pollution and climate change have become even more serious in the world. China's energy consumption and pollutant emissions have dramatically increased as well. Geographic variations in carbon emissions have resulted in different degrees of environmental pollution across the country. For instance, China´s capital Beijing is suffering of seriously air pollutions, and many related health and life issues have been pointed out, which left the government faced with unprecedented challenge. In its 12
th Five-Year Plan [1] , a compulsory target has been proposed, with a target for 17 percent reduction in carbon intensity from 2010 levels.
As a substitute for coal and oil, natural gas is considered as viable choice to reduce the above mentioned problem. Natural gas was only accounted for 4.9% of China's energy consumption in 2012. The Chinese government anticipates to increase its natural gas share to around 10% by 2020 [2] . In order to develop the natural gas market and to promote natural gas use, the government proposed policies on the utilization of natural gas in 2012. These policies were formulated for the purpose of encouraging, guiding and regulating the field for utilizing natural gas. In this paper, we aim to optimize natural gas distribution from a provincial level perspective, which could achieve high valuable allocation of natural gas resources to contribute to emission pollution.
Methodology
The problem was solved through mathematical programming, with the aim of optimizing the national gas distribution system. Based on the decision variables, parameters and constraints, an objective function was developed and the optimal solution could be obtained.
Structure
In this study, the optimization model is decomposed to energy consumption system, economy system and carbon emission system, the detailed model introduction is given as follows. 
Economic system
From the perspective of economic system, total costs of energy consumption after optimization should be minimum. For each kind of energy source, economic cost could be expressed as: (1) here, stands for the amount of coal equivalents for each kind of energy source. The investment cost is used to represent the unit cost of energy consumption, so minimization of the energy consumption costs could be expressed as below:
Pollutant emission system
The pollutant emission cost is expressed as external costs. External costs of energy are related to environmental and social impacts, which could be categorized as below: health, agriculture, buildings, ecosystem and climate change [3] . All these impacts are usually not reflected in the energy price, but if including external cost, it could contribute to least-cost solutions from a social-cost perspective.
External costs of energy have been widely discussed in literature. Qingyu Zhang [4] summarized the external cost factors of air pollutants in China. ExternE is the acronym for "External Costs of Energy" and a synonym for a series of projects starting from early 90s till 2005. All the results of the ExternE have been made available on the ExternE project webpage [3] . They adjusted the ExternE results to reflect the aggregation level of China, and climate change external cost was adopted the result of CO2 control costs. The main pollutant emissions considered in this paper are CO2, SO2, NOx and PM10.
External costs vary from province to province because of differences in the cost of reducing emissions. According to the results of China, we could estimate the external cost factors for different provinces, population density and disposable income per capita were selected as adjustment factors. This method is adopted from Rong Zhang [5] , when he estimated the external costs of Chinese freight transport. The initial estimate formula of external costs could be expressed as: external cost = unit cost × degree of harm × intensity × volume [6] . So, the external cost of coal could be expressed as:
(3) Total external costs should be the sum of each kind of energy source (j): F2(Q)=Min (4)
Energy consumption system
While optimizing distribution, the amount should satisfy some basic requirements as well:
(1) total energy consumption should meet the minimum demand of energy: (5) (2) regional natural gas distribution should be no less than the minimum amount (equals demand of the last year) and could not exceed the maximum utilization capacity [7] : (6) (7) (3) oil consumption in each region should be no more than its maximum supply: (8) (4) total consumption of oil and gas should be no more than national supply level:
(9) (10) (5) the solution should satisfy the emission reduction and energy conservation target for each province:
(11) (12)
Multi-objective optimization model
When establishing the optimization model some assumptions are necessary: (1) Because of the data availability, year 2013 is our target year instead of 2015. So the emission reduction target of 12th Five-Year Plan is adjusted to in 2013, which is assumed to be half of the CO2 emission reduction target in 2015. (2) In the model, the petroleum quantity is fixed to be equal to the quantity in 2013, in this way, we could pay more attention on the change of the coal and gas. (3) CO2 emission is assumed to only come from fossil fuel, in this paper, it includes coal, oil and natural gas. Therefore, the final objective would be minimization of the above costs. Min F(Q)=F1(Q)+ F2(Q) (13)
Results and Discussions

Scenario comparison
Natural gas and coal consumption will be changed after optimization, which will lead to better results in terms of external costs and CO2 emissions. Compared with non-optimized scenario, external costs in majority of regions decrease to some extent, and total external costs in China could decrease by 10%. The same as external costs, CO2 emissions will decrease in most of regions as well and it could decrease by 7% in total. Table 2 shows it in detail. Taking Beijing as an example. External costs would decrease 14% and CO2 emission would decrease 2%. The reduction rate is not the highest one because of its large base and special urban function.
If we use the current calculation model, external cost would account for 87% of the total cost, which has again proved that external cost is so significant to be considered in the cost system. In this way, the distribution model could be more reasonable and available. 
Regional natural gas distribution
Under optimized scenario, oil and gas consumptions are different from the actual consumption in 2013. Consumption changes could be shown clearly in figure 2 and figure 3 . As the above table shows, coal consumption will decrease in majority of provinces compared with the actual consumption in 2013, which confirms with the trend of emission reduction. It could also indicate that external cost is relatively lower in these provinces, so they could sacrifice a little bit to achieve countries' reduction targets.
On the contrary, natural gas consumption of some provinces increase significantly. Especially in Beijing, Shanghai, Jiangsu and Hainan, it shows that natural gas has higher value in these provinces, because the cost to reduce emissions is relatively higher in these provinces. So, the distribution of natural gas would be inclined to these provinces
Conclusion and implications
We establish the natural gas distribution model in this paper, which is aimed to minimize the energy consumption cost and external cost. The objective is set under the constraints that CO2 emission reduction target should be satisfied. Through the model, the following results could be obtained:
(1) Natural gas consumption in some provinces increase significantly after optimization, it indicates that natural gas has higher value in these regions. On the contrary, for those regions where coal consumption increase indicates that they have to sacrifice to achieve national level goal, due to their relatively low costs.
(2) The optimized scenario could lead that external costs and CO2 emissions decrease in majority of regions. Total external costs in China decrease by 10%, CO2 emissions will decrease by 7% in total.
(3) Based on the criteria of comprehensive costs and emission reduction target, some provinces could be picked out as key regions, and they should be paid more attention to take the lead to carry out emission decreasing measures in the future.
